Introduction
DNA ligases catalyze the sealing of adjacent 5 0 -phosphate and 3 0 -hydroxyl termini at single-stranded breaks in double-stranded DNA. Their function is crucial in DNA replication, recombination and repair (Lehman, 1974) . The reaction catalyzed by DNA ligases proceeds by three sequential nucleotidyl-transfer steps. In the first step, the active-site lysine is activated by the covalent attachment of AMP, which is accompanied by the release of pyrophosphate or nicotinamide mononucleotide from the cofactor (ATP or NAD + ). AMP is then transferred to the 5 0 -end of the 5 0 -phosphate-terminated DNA strand to form DNA adenylate. In the final step, the phosphodiester bond is formed with concomitant release of AMP from the DNA-adenylate intermediate. DNA ligases are present in all living organisms and are conventionally divided into two families according to their cofactor specificity (Sriskanda et al., 2000) . The first group contains ATP-dependent ligases (EC 6.5.1.1), which are found in eukaryotes, archaea, viruses and some bacteria. The second group comprises NAD + -dependent DNA ligases (EC 6.5.1.2); these are present in bacteria and some eukaryotic viruses.
DNA ligases from thermophilic and hyperthermophilic archaea have been used as model systems in structural and mechanistic studies of DNA ligation. A number of thermostable DNA ligases from archaea have been isolated and functionally characterized (Sriskanda et al., 2000; Lai et al., 2002; Keppetipola & Shuman, 2005) . All of them utilized ATP as a cofactor and it was generally accepted that archaeal DNA ligases belong to the family of ATP-dependent ligases. However, it was subsequently found that some DNA ligases from hyperthermophilic euryarchaea of the order Thermococcales (Thermococcus kodakarensis, T. fumicolans, T. onnurineus and Pyrococcus abyssi) are also able to use NAD + as a cofactor (Nakatani et al., 2000; Rolland et al., 2004; Kim et al., 2006) . Therefore, it was suggested that the dual specificity of Thermococcales DNA ligases reflects an intermediate phase in the evolution of an ancestral enzyme into the cofactor-specific specialized present-day enzymes (Sun et al., 2008) .
Only a few crystal structures of archaeal DNA ligases have been reported: those from the Euryarchaeota P. furiosus (PfuLig; Nishida et al., 2006) , Archaeoglobus fulgidus (AfuLig; Kim et al., 2009) and T. sibiricus (TsibLig; Petrova et al., 2012) and the Crenarchaeota Sulfolobus solfataricus (SsoLig; Pascal et al., 2006) and Sulfophobococcus zilligii (Supangat et al., 2010) . Previously, we identified and functionally characterized the ATP-dependent DNA ligase from the hyperthermophilic archaeon Thermococcus sp. 1519 from the order Thermococcales (LigTh1519; Smagin et al., 2008) . We succeeded in the crystallization and structure determination of this enzyme at 2.9 Å resolution (Bezsudnova et al., 2009) and found a molecularreplacement solution for two domains only. We suggested that the third domain, the OB-fold domain, either adopted different positions in different cells of the crystal or was hydrolyzed during crystallization. Subsequently, we collected X-ray data from a crystal of LigTh1519 grown under different conditions. Here, we report the results of a crystallographic study of the ATP-dependent DNA ligase from Thermococcus sp. 1519 with all three domains. A comparative analysis of the structures of ATP-dependent DNA ligases may help in the identification of sites for directed mutagenesis aimed at changing the cofactor specificity of the enzyme from ATP to NAD.
Materials and methods
Expression and purification have previously been described by Bezsudnova et al. (2009) .
Crystallization
Freshly prepared recombinant LigTh1519 (22.1 mg ml À1 ) in 50 mM Tris-HCl pH 7.5 containing 100 mM NaCl and 0.5 mM DTT was used. Initial crystallization screening of LigTh1519 was performed at 291 K by the hanging-drop vapour-diffusion method using Crystal Screen, Index and Crystal Screen Cryo kits (Hampton Research). A single crystal was obtained after six months using the gel-tube counter-diffusion method at 291 K. The truncated square bipyramidal crystal had dimensions of about 200-300 mm. The reservoir solution consisted of 0.1 M sodium cacodylate pH 6.5, 0.2 M MgCl 2 , 20% glycerol, 16% PEG 8000, 100 mM NaCl, 50 mM Tris-HCl pH 7.5.
X-ray data collection and treatment
X-ray diffraction data were collected on beamline BL41XU at the Spring-8 synchrotron using a MAR Mosaic 225 mm CCD detector. A crystal was flash-cooled in a stream of cold nitrogen gas at 100 K. Data collection was performed using the HKL-2000 software package (Otwinowski & Minor, 1997) . Experimental details are summarized in Table 1 . X-ray diffraction images were indexed, integrated and subsequently scaled using HKL-2000. Data reduction was performed using the CCP4 package (Winn et al., 2011) . Data-collection statistics are given in Table 1. SAXS measurements were performed at a wavelength of 0.1542 nm using an AMUR-K diffractometer with an OD3M linear position-sensitive detector and a graphite monochromator. The Kratky-type geometry was used with a sample-to-detector distance of 700 mm and a sample slit width of 0.2 mm to cover the range of momentum transfer 0.12 < s < 12.0 nm À1 (s = 4 sin /, where 2 is the scattering angle). Measurements were carried out at room temperature for 2 h using sample solutions placed in 1 mm quartz capillaries. The data were normalized to the intensity of the incident beam and corrected for X-ray absoption and collimation distortions using standard procedures (Feigin & Svergun, 1987) .
Structure determination and refinement
The structure of LigTh1519 was solved using BALBES (Long et al., 2008) . The best solution found by BALBES was obtained using the PfuLig model (PDB entry 2cfm; Nishida et al., 2006 ) as a starting model for molecular replacement and refinement. The model was further refined using phenix.refine (Afonine et al., 2005) . The refined parameters were the coordinates for each atom and the B factors for groups of atoms. The relatively small number of observations did not allow us to refine B factors for each atom. Two B factors were refined for each residue: one for the atoms of the main chain and the other for the side-chain atoms. Along with a set of standard stereochemical restraints, secondary-structure restraints and Ramachandran restraints were applied during refinement. Examination of density maps and the manual rebuilding of the model were performed using the program Coot (Emsley & Cowtan, 2004) .
In addition to a LigTh1519 molecule, the final model contained four water molecules and one Mg 2+ ion. There was no interpretable electron density for 11 N-terminal residues, including six purificationtag residues, and six C-terminal residues. The geometry of the final model was inspected by PROCHECK (Laskowski et al., 1993) . A summary of the refinement statistics and model quality is given in Table 2 . Atomic coordinates and experimental structure factors were deposited in the Protein Data Bank and are accessible as entry 3rr5. (AdD) and a C-terminal OB-fold domain (OBD) (Fig. 1a) . Previously, the following conformations of ATP-dependent DNA ligases have been determined depending on the relative position of the OBD. (i) Closed conformation. This conformation was revealed for PfuLig (Nishida et al., 2006 ; PDB entry 2cfm; Fig. 1b ), AfuLig (Kim et al., 2009 ; PDB entry 3gde) and TsibLig (Petrova et al., 2012 ; PDB entry 4eq5).
Results and discussion
(ii) Open extended conformation. This conformation was displayed by SsoLig (Pascal et al., 2006 ; PDB entries 2hiv and 2hix; Fig. 1c ).
(iii) Open conformation. This conformation was displayed by human DNA ligase I bound to DNA (Pascal et al., 2004 (Fig. 2a ). Further rotation of the OBD around a slightly different axis by about 120 in the anticlockwise direction leads to the position that corresponds to the closed conformation (Fig. 2b) . The position of the OBD in LigTh1519 rather resembles the position of the OBD in the two-domain DNA ligases from Chlorella virus (PDB entry 1p8l; Odell et al., 2003) and from bacteriophage T7 (PDB entry 1a0i; Subramanya et al., 1996) ( Figs. 2c and 2d ). Interestingly, unlike other DNA ligases from archaea, the OBD in LigTh1519 is not connected to the other two domains through hydrogen bonds and salt bridges; the only link between the OBD and the rest of the molecule is a covalent bond. It appears as if the OBD is floating around the AdD. In the crystal, this position of the OBD is fixed by eight hydrogen bonds and three salt bridges to the AdD of a symmetry-related molecule (Figs. 3a and 3b ). Note that the residues involved in these interactions form the only contact region between the OBD and the other domains and fix the position of the OBD in the crystal structure. The side chains of these residues are easily visible in the electron-density map. It seems that the position of the OBD is stabilized by these interactions.
The final model of LigTh1519 did not contain an ATP molecule. Although ATP was not externally added to the crystallization solution, it might have copurified with the ligase (as in PfuLig and TsibLig). Therefore, the final structure may be a complex of the enzyme with endogenous ATP. The relatively poor electron density did not allow unambiguous determination of whether or not an ATP molecule was present in the active site. In addition, Arg280, the conformation of which was determined unambiguously, would be too close to the possible position of the cofactor (Fig. 4) In all three DNA ligases that adopt the closed conformation, PfuLig, TsibLig and AfuLig, the conformation of the corresponding Arg residue differs from that observed in the LigTh1519 structure. different and is much closer to the conformation of Arg280 in LigTh1519 (Fig. 4) .
Comparison of the OBD arrangement in PfuLig and LigTh1519
PfuLig has very high sequence similarity (79%) to LigTh1519; the similarity between their OBDs is 85%. However, the relative positions of the OBDs in the crystal structures differ significantly. Using the PISA server at the European Bioinformatics Institute (http:// www.ebi.ac.uk/pdbe/prot_int/pistart.html; Krissinel & Henrick, 2007) , we revealed those amino-acid residues in the structure of PfuLig that Hydrogen bonds and salt bridges in PfuLig.
Residues that are also present in LigTh1519 are shown in plain text. A few residues that are not present in LigTh1519 but for which there are residues with similar properties in the equivalent positions are shown in italics. Note that residues in equivalent positions in the models of PfuLig and LigTh1519 have different numbers.
(a) Hydrogen bonds and salt bridges between the AdD and the OBD. participate in hydrogen-bond contacts and salt bridges between the OBD and the other two domains. Alignment of the PfuLig and the LigTh1519 sequences shows that most of the residues are present in the same positions in the structure of LigTh1519 (Table 3) . A few residues (shown in italics in Table 3 ) at equivalent positions in LigTh1519 and PfuLig are homologues with similar properties (Glu457!Asp468, Gln229!Asn240, Asp235!Glu246 and Asp532!Glu543). The PfuLig molecule contains a C-terminal extension helix (residues 541-561) which passes through the cleft between the AdD and the OBD and contributes, mainly through ionic interactions, to the link between these two domains. Nishida et al. (2006) proposed that the C-terminal extension helix in the PfuLig structure plays a crucial role in stabilizing the closed conformation. In the C-terminal parts of PfuLig and LigTh1519 only two residues differ. In the structure of LigTh1519 seven terminal residues are disordered and, as a result, the terminal helix is shorter than that in the PfuLig structure. In fact, the superposition of the OBDs of PfuLig and LigTh1519 shows that the terminal part of the C-terminal extension helix would overlap with residues of the AdD of LigTh1519 in the vicinity of the active site.
No
Thus, the difference between the sequences of PfuLig and LigTh1519 cannot explain the difference in the arrangement of the OBD. In other words, it seems that there is nothing that prevents the LigTh1519 molecule from adopting the closed conformation.
Comparison of the OBD arrangement in SsoLig and LigTh1519
The sequence similarity between SsoLig and LigTh1519 is considerably lower (40%) than that between PfuLig and LigTh1519. Alignment of the SsoLig and the LigTh1519 sequences reveals that the hinge between the AdD and the OBD in the SsoLig structure comprises eight amino acids, while in the LigTh1519, PfuLig and AfuLig structures the hinge involves only six amino acids. The larger hinge might favour the open extended conformation in the crystal structure of SsoLig and may explain why this conformation is not observed in the crystal structures of PfuLig and LigTh1519. In addition, the arrangement of the OBD in the structure of SsoLig is fixed by numerous hydrogen bonds and salt bridges between the OBD and the AdD (Table 4 ). With the exception of Arg564 (shown in bold in Table 4 ), the enumerated residues or their homologues are present at the same positions in LigTh1519.
SAXS experiment
An SAXS experiment was performed in order to reveal the conformation of LigTh1519 in solution.
The scattering intensity from known PDB structures was calculated using CRYSOL (Svergun et al., 1995) , which takes the scattering from the excluded volume and hydration shell into account. The scattering curve calculated from the SsoLig structure is in better agreement with the experimental intensities than the scattering curve calculated from LigTh1519 (Fig. 5a , Table 5 ).
The pair-distance distribution functions p(r) were calculated from experimental intensities using GNOM (Svergun et al., 1988) . The radius of gyration R g was calculated using the Guinier approximation (Guinier, 1939) at sR g < 1.5, Table 4 Hydrogen bonds and salt bridges between the AdD and the OBD in SsoLig.
Residues that are present in LigTh1519 are shown in plain text. Ser398, Ile404 and Ser405 (shown in italics) are not present in LigTh1519; residues with similar properties are present at the equivalent positions. Arg564 (shown in bold) is not present in LigTh1519; Ala540 is at the equivalent position. Note that residues in equivalent positions in the models of SsoLig and LigTh1519 have different numbers. 
Figure 5
Results of the SAXS experiment. (a) SAXS intensity profiles for the experimental data (circles) and calculated from models of SsoLig (continuous line) and LigTh1519 (dashed line) and a mixture of the SsoLig (81%) and LigTh1519 (19%) models (dashed/dotted line). The scattering profile for the mixture is shifted vertically by 0.05. The experimental profile is shown twice; one of the copies is also shifted vertically by 0.05 for comparison with the profile for the mixture. (b) Normalized pair-distance distribution functions calculated from experimental SAXS data (circles) and from models of SsoLig (continuous line) and LigTh1519 (dashed line) in the crystalline state.
Estimate (2) is much less influenced by aggregation effects, because relatively large aggregates significantly increase the scattering intensity only at small angles, thus increasing estimate (1). The approximately equal values, 3.40 AE 0.05 and 3.41 AE 0.05 nm, obtained from (1) and (2), respectively, indicate that aggregation was negligibly small. The maximal size D max of dissolved molecules (or the maximal interatomic distance) was estimated from the profile of the p(r) function.
The graph for the normalized distance-distribution function and structural parameters calculated from SAXS experimental data are much closer to those calculated for the SsoLig model than to those of LigTh1519 ( Fig. 5b and Table 5 ). The right shoulder on the experimental distribution curve indicates the presence of relatively large distances intrinsic to the open extended conformation of the protein.
Thus, we concluded that the LigTh1519 molecule adopts an open extended conformation in solution, but not the conformation that it shows in the crystalline state. We also checked whether the experimental data can be fitted to the data calculated for a mixture of SsoLig and LigTh1519 form factors using the program OLIGOMER (Konarev et al., 2003) . The results showed (see Table 5 and Fig. 5a ) that a somewhat better fit to the experimental data was attained for the mixture of SsoLig (81%) and LigTh1519 (19%). Thus, LigTh1519 molecules might exist in both conformations in solution, with scattering from the molecule in the open extended conformation being dominant.
A new intermediate conformation of ATP-dependent DNA ligase
The structure of LigTh1519 was studied using X-ray crystallography in combination with SAXS and comparative structure analysis with known archaeal ATP-dependent DNA ligases. A new conformation of LigTh1519 was revealed which is intermediate between the open extended and closed conformations. Taking the absence of bound or trapped ATP or phosphate ions in the LigTh1519 structure into account, in contrast to PfuLig, TsibLig or AfuLig, we might consider this intermediate conformation of LigTh1519 as a structural variation of the open extended conformation. In the LigTh1519 crystal the absence of stabilizing hydrogen bonds between the OBD and the AdD is partially compensated for by hydrogen bonds and salt bridges between the OBD and the neighbouring symmetry-related molecules; the OBD is additionally fixed by eight intermolecular hydrogen bonds and three intermolecular salt bridges.
Previously, based on the strikingly different positions of the OBD in different DNA ligases, a conclusion was made about high OBD flexibility, which is essential for the function of DNA ligases. Moreover, if the respective movement of the AdD and the OBD is restricted, the efficiency of adenylation will be reduced (Ochi et al., 2012) . Here, we report further experimental evidence for this high flexibility. The amino-acid composition, the structural arrangement of the catalytic domains (AdD and OBD) and the presence of ligands do not explain the advantage of the open, closed or intermediate conformations for DNA-free enzymes in crystals. However, the SAXS experiment showed that the LigTh1519 molecule in solution predominantly adopts the open extended conformation, thereby fixing the OBD and providing additional stabilization of the whole structure in an aqueous environment.
